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We present an advanced technique improving upon the micron-sized particle trap integrated in biochip
systems using a planar structure to generate an adjustable trapping position by utilizing voltage phase-
controlled (VPC) method and negative dielectrophoresis (nDEP) theory in high conductivity physiological
media. The designed planar and split structure is composed of independent components of measuring
and trapping micro-electrodes. Through different voltage conﬁgurations on the device, the trapped
position of single particles/cells was selected and adjusted in vertical and horizontal directions. The
numerical simulations verify our theoretical predictions of the effects at the various voltages. It shows
that the trapped position can be adjusted in the vertical (0 to 26 μm) and horizontal (0 to 74 μm)
directions. In experiments, the single particles/cells is captured, measured, and then released, with the
same process being repeated twice to demonstrate the precision of the positioning. The measurement
results determined that particles at various heights result in different magnitude values, while the
impedance error is less than 5% for the proposed electrode layout. Finally, the experiments are performed
to verify that a particle/cell can be precisely trapped on the selected site in both the vertical and
horizontal directions.
& 2013 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
The analysis of single cells has grown rapidly over the past
decade, and is important for biological measurements and medical
research. The handling of individual cells is a key technique in cell
engineering applications such as gene introduction, drug injection,
and cloning technology (Fortina et al., 2002). For single-cell
analysis (Gilchrist et al., 2001), cell impedance measurement is
an effective method that provides in-depth information about the
electrical properties and the pathological condition of a cell.
A cell can be manipulated by the alternating current electro-
thermal that results from the quadrupole electrodes into the
capture region and can then be trapped by the negative dielec-
trophoresis (nDEP) force of a microwell (Jang et al., 2009). The
nDEP force results from a non-uniform electric ﬁeld interacting
with a polarized particle which is suspended in the medium and.
-NC-ND license.the subsequent asymmetric action of the electrical force on the
particle (Bakajin et al., 1998; Andersson et al., 2000; Carlson et al.,
2006; Castellanos et al., 2003)
In previous work, we have presented an integration of single-
cell trapping by nDEP and impedance measurement (Lan and Jang,
2011). However, the trapped region generated from the same
structure is ﬁxed by nDEP method, and cell location in the
detection site of microﬂuidic devices is an important factor
inﬂuencing impedance measurements, which greatly affects the
accuracy of their measurement results (Wang et al., 2010).
Therefore, an adjustable trap position is required to achieve
diversiﬁcation in cell capture and high accuracy of the cell
position. The three-dimension structure is able to vertically trap
and control single particle, however the structure of the complex
process and large volume is disadvantage (Bocchi et al., 2009).
This study presents an advance technique using a designed
plane structure to generate an adjustable trapping position by
utilizing the voltage phase-controlled method (VPC) and nDEP
effect, thereby improving the previous capture method integrated
in biochip systems.With this structure, not only is the height of the
capture region improved, but different height cell immobilization
can also be implemented by different voltage conﬁgurations.
Experiments are performed to demonstrate that a particle can be
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while particle manipulation, including particle capture and
release, is also achieved. Moreover, by adjusting the amplitude
and phase of the operating voltage on each split electrode, the
electric ﬁeld pattern in the capture region can be controlled to
generate a dynamic trapping position and achieve different move-
ment types of single particles/cells.2. Theory
2.1. DEP force
Dielectrophoretic (DEP), as previously stated, is the motion of
suspended particles relative to polarization forces produced by a
heterogeneous electric ﬁeld in the solvent. A suspended particle in
a medium with different dielectric characteristics will become
electrically polarized in an electric ﬁeld. The direction of the dipole
moment induced in the suspended particles varies with the
relative polarizability between the particles and the ambient
medium. A non-uniform electric ﬁeld will interact with both the
induced dipole and the subsequent asymmetric action of the
electrical force on the particle (Pohl, 1951).
The time-averaged dielectrophoretic force, ‘FDEP’, exerted on a
spherical particle suspended in a dielectric ﬂuid medium and
exposed to a non-uniform AC electric ﬁeld can be described as
(Pohl, 1951):
〈 F
!
DEP〉¼ 2πa3εmRe½K ðωÞ∇E2rms ð1Þ
where a is the particle radius, εm is the permittivity of the suspension
medium, Erms is the root-mean-square (rms) electric ﬁeld, ∇ is the del
vector operator, and Re[K(ω)] is the real part of the Clausius–Mossotti
factor (CM factor, fCM). The CM factor is an effective polarizability
parameter of a particle which varies as a function of the frequency of
the applied ﬁeld, the dielectric properties of the particle, and the
surrounding medium. The CM factor is given by (Pohl, 1951):
K ðωÞ ¼ ε
n
p−εnm
εnp þ 2εnm
 !
ð2Þ
εnp ¼ εp−j
sp
ω
; εnm ¼ εm−j
sm
ω
ð3Þ
where εnp and ε
n
m are the complex permittivity of the particle and the
medium respectively, sp and sm are the conductivity of the particle
and the medium respectively, and ω is the angular frequency of the
applied electric ﬁeld.
According to Eq. (1), the DEP force depends on the particle size,
the dielectric properties of the particle and medium, the AC
electric ﬁeld parameters, the interaction between the electric ﬁeld
intensity (∇E2rms), and the polarization charge, which is closely
associated with the polarization factor fCM. The real part of the CM
factor (Re[K]) determines the direction of the DEP force. When Re
[K] is positive (i.e. εp4εm), the pDEP force is induced, and particles
are attracted toward the electric ﬁeld intensity maxima. On the
other hand, when Re[K] is negative (i.e. εpoεm), the nDEP force is
induced, and particles are repelled from the electric ﬁeld intensity
maxima to the minima.
2.2. VPC method
In previous studies, DEP usually provides a ﬁxed trapping
position by applying the same voltage source. However, various
voltage amplitudes or phases of the electrical signal are able to
control the electric ﬁeld. The electrical signal is described as:
V ðV0;ω; t;ψÞ ¼ V0 cos ðωt þ ψÞ ð4Þwhere V0 is amplitude, ω is angular frequency of applied voltage,
t is time factor, and ψ is phase. Based on this formula, there are
two conditions for consideration: when ωt þ ψ is constant, V is
dependent on V0; when V0 is ﬁxed and ωt is constant, V is
dependent on ψ. In this study, various voltages are applied to each
split electrode, respectively, to generate a hybrid electric ﬁeld,
allowing the direction of FDEP to be controlled. As can be seen from
equations (1)–(4), the trapping position for a single particle can be
adjusted.3. Design
3.1. Design of the structure
In our previous study, the impedance measurement technique was
integrated in the microwell (Castellanos et al., 2003; Rosenthal and
Voldman, 2005; Lan and Jang, 2011). Since the electric ﬁeld at the
bottom of the square electrode is the lowest, the particle is able to be
trapped by a downward nDEP force (Fig. S1).
But, particles/cells in the capture region of electric ﬁeld are
affected by the electrode geometries, applied voltage waveform.
A strong electric ﬁeld is usually produced in fracture bending area,
may be harmful and lead to cell death in the capture process.
Therefore, in this study, the trapping electrodes were designed in
arc geometry to avoid a strong electric ﬁeld being generated and
creating peaking effects. As a result, the peak phenomenon of the
electric ﬁeld is effectively reduced.
The geometry of the coupled electrode for measuring and
capturing is compliable; however, the accuracy of the impedance
result is likely to be affected by large interelectrode capacitances
during measurement, as shown in Fig. S2. As such, the decoupled
electrode for particles/cells capture and measurement is designed,
as shown in Fig. 1(a). The split and simpliﬁed geometry of the
measuring electrodes is reduced the parasitic capacitance between
the electrodes to improve the accuracy of the impedance measure-
ment results to increase the measurement accuracy.
The designed structure is composed of two independent
components: a pair of line measuring electrodes in the center,
and a symmetrical arc geometry trapping electrodes. Moreover,
the arc trapping electrodes are separated into four parts to apply
different waveforms. Fig. 1(a) is the schematic view of the
improved structure. The distance between measuring line electro-
des (DBMLE) inﬂuences the location of captured particles. The
DBMLE should be chosen to adapt to the dimensions correspond-
ing to different particles, and close enough to each other to make
contact with the captured particles and take measurements. The
distance between the trapping arc electrodes (DBTAE) is relative to
the strength of the nDEP force for capturing particles/cells in the
capture range.
In this study, three modes to manipulate particles/cells are
achieved, including the trapping, releasing, and adjustable trap-
ping mode. The trapping mode is able to generate a ﬁxed trap
position to capture the particles/cells, while the releasing mode is
able to move the particles/cells away from the center of captured
region. An unﬁxed and ﬂexible trapping position can be generated
via the adjustable trapping mode so that the location of the
trapped particles/cells is selectable in this split structure.
The split electrodes with VPC method has two advantages: the
range of the capture region height is increased, and the trapped
particle/cell location can be selected and controlled.
3.2. DBMLE and DBTAE
The relationship between Arc-Microwell and electric ﬁeld
distribution is simulated with the Femlab/Comsol Multiphysics
Fig. 1. (a) Schematic view of the improved Arc-Microwell structure includes the trapping and measuring electrodes. (b) Parameters of the Arc-Microwell structure: DBMLE,
DBTAE and capturing region. (c) Microscopic image of biochip and (d) Microscopic image of Arc-Microwell structure.
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numerically solved by the electrical and mechanical equations.
First, the electric ﬁeld distribution is derived from Laplace’s
equation ∇2V ¼ 0. By taking the gradient of the square of electric
ﬁeld intensity, the relative strength of the DEP force is obtained.
DBMLE and DBTAE determine the strength of the nDEP force
and range of particles captured. For particles with a diameter of
15 μm, 8 μm are simulated for the DBMLE and 160 μm for the
DBTAE. The electrodes are activated at a frequency of 5 MHz and a
peak-to-peak voltage of 5 V.
Fig. 1(b) is the schematic view of the improved construction.
The distance between measuring line electrodes (DBMLE) inﬂu-
ences the trapped location of the captured particle, so the gap size
should be chosen to adapt to dimensions corresponding to
different particles. The distance of the distance between trapping
arc electrodes (DBTAE) is simulated, hence, the strength of the
nDEP force for capturing particles and the capture range, can be
calculated.4. Chip fabrication and experimental setup
4.1. Chip fabrication
The microchip is fabricated by micro-electro-mechanical-
systems (MEMS)-based processes (Fig. 1(c) and (d)), and glass
slides are used as substrates. In the fabrication process, an E-beam
evaporator system is used to deposit the electrode layer. 15 nmChromium (Cr) and 65 nm gold layers are patterned using con-
ventional photolithography and Au/Cr etching techniques. The
chips are 25 mm75 mm in size.
4.2. Preparation of latex beads and cell culture
For this study, a latex bead and a HeLa cell are used as trapping
targets. A cell culture medium (conductivity is 1.25 S/m and
relative permittivity is 80) is used as the suspending medium for
both the latex beads and the HeLa cells to produce nDEP and VPC.
The latex beads are polystyrene microspheres (Duke Scientiﬁc
Corporation, 4215 A), and measure 15 μm in diameter. The con-
centration of the microbeads and living single cells is about
3.5106 beads/cm3 and 1106 cells/cm3, respectively. Prior to
the experiments, the HeLa cells were cultured in a humidiﬁed
incubator at 37 1C with 5% CO2 in a medium comprised of 90%
Minimum Essential Medium (MEM) (Eagle) with Earle’s BSS, 2 mM
L-glutamine, 1.5 g/L sodium bicarbonate, 0.1 mM nonessential
amino acids, and 1.0 mM sodium pyruvate+10% fetal bovine
serum. The sample preparation for HeLa cells is similar to that
for the latex beads, except that ethanol is replaced as the culture
solution, and centrifugation is conducted at a rate of 1000 rpm.
4.3. Observation and measurement system
A chip was placed in a microscope setup (Nikon inverted
microscope, Diaphot-TMD). The particle manipulation processes
were videotaped, and images from the microscope were acquired
Fig. 2. The electric ﬁeld distribution in (a)–(b)X-axis and (c)–(d)Z-axis direction at operating voltage of 1.9, 2.0, 2.2 and 2.5 V in trapping mode. (e)–(f) The electric ﬁeld
distribution of releasing mode in X-axis direction.
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frames per second were captured and transferred to a computer.
Impedance spectra were performed using the impedance
analyzer 6440B controlled by a personal computer. The 6440B
impedance analyzer was self-calibrated, using short and open
standard calibration, before the latex bead and cell were mea-
sured. Since the measurement system was capacitive before the
samples were injected, the impedance phase angle of the system
was −901 at the overall excitation frequency after calibration.
Afterwards, the voltages applied to the quadruple electrodes in
the manipulation process were produced by a function generator
(Tektronix Dual channel arbitrary/function generator, AFG3022).
When a single particle was captured in the trap successfully, the
impedance measurement was taken with a frequency range of
5–20 kHz at operating voltage of 0.4 V. J. L. Hong et al. showed 0.4 V
is better operating voltage for HeLa cell impedance measurement(J. L. Hong et al., 2012) and Wang and Jang veriﬁed the electric ﬁeld
introduced by the applying voltage under 0.5 V does not inﬂuence
the conductivity and permittivity of cell(Wang and Jang, 2009)
4.4. Experimental setup
In the experiment, the cell/particle trapping and measurement
device consists of a lower glass substrate patterned with Aumicrowell
and measurement electrodes, and an upper PDMS cover plate. The
PDMS plate, which had a hole of 4 mm in diameter, was attached
onto the glass substrate with the electrodes. One drop (25 mL) of
particle suspension was deposited in the PDMS patter. A voltage of
5 V at 5 MHz was used on the quadruple electrodes to accumulate the
particles to the trap position. When a single particle ﬂows into the
trap position, the quadruple electrodes are grounded. A voltage of 5 V
at 5 MHz was applied to the trapping arc electrodes and another
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(Fig. 2(a)). Through this procedure, the trapping mode was turned on
in order to capture the particles.
Then, all voltages were switched off, and the measurement was
carried out. Afterward, the releasing mode was switched on
by turning off the measuring line electrodes (ground) in order
to move the particle away from the measuring line electrodes
(Fig. 2(e)). Then, the capture-measure-release process was
repeated to test the accuracy of the positioning.
In the adjustable trapping mode, the experiment was con-
ducted with two AC voltage sources. One applied voltage was 5 V
at 5 MHz with a phase of 01 on the trapping arc electrodes, while
the other modulated voltage was 5 V at 5 MHz with a phase of 601
shifted to 3001 on measuring line electrodes (Fig. 6(a)). The phase
shift between the two sources was increased from 0 to 240
degrees to adjust the location of the trapping position. The
monitored single particles were kept trapped and moved with
the trapping position in step.Fig. 3. Variation of electric ﬁeld intensity in (a) X-axis, (b) Y-axis, and (c) Z-axis
direction at operating voltage phase in the range 60–1801.5. Results and discussion
Since the electric ﬁeld is inﬂuenced by various voltages on the
measurement electrodes, an adjustable trapping position can be
generated for particle capture, while a range of heights can also be
adjusted. The performance is calculated and analyzed using
COMSOL simulation software to observe the distribution of the
electric ﬁeld (FEMLAB, 2004).
5.1. Analysis of electric ﬁeld distribution of the trapping/releasing
mode
Based on nDEP theory, a trap position can be generated at the
minima of the electric ﬁeld, while the greatest nDEP force is
generated by the maximum gradient of the electric ﬁeld. So, after
conﬁguration of the hybrid voltages on each split electrode, a
noticeable featured electric ﬁeld distribution can be generated.
In the simulations, 7.5 μm is the average radius of particle
which is set as the height value for observing the distribution of
the electric ﬁeld. In Fig. 2(a) and (b), the parameter of the voltage
amplitude, U, is set from 1.9 to 2.5 V on the measuring line
electrodes. As the voltage is applied to the electrode, the trapping
mode will be driven to capture the particle near the center of the
structure (x¼0, y¼0). The strongest nDEP force occurs as the
optima voltage (1.9 V) is applied on the measuring line electrodes
because of the greatest gradient electric ﬁeld resulting from the
Arc-Microcell. Thus, the particle is able to be captured (trapped) at
the center by the greatest nDEP force.
The relationship between the trap position in height and electric
ﬁeld is simulated, as shown in Fig. 2(c) and (d). The height capture
range is approximately 45 μm, and the trap position can be adjusted
for different heights. With the increasing voltage (1.9 to 2.5 V) on the
measuring line electrodes, the lowest electric ﬁeld in height of the
Arc-Microwell rises from 0 to 26.4 μm. As a voltage of 1.9 V is applied,
particles will be trapped at the center location (x-y plane) and contact
the line electrodes (z axis, 0 μm in vertical height). Then, as a voltage
of 2.0 V is applied, particles will be trapped at approximately 9 μm in
height; as such, the particle does not contact the measuring line
electrodes. In other words, the particle is ﬂoating. As the voltage rises
to 2.5 V, the particle is trapped on a higher position away from the
electrode (26.4 μm) than the height induced by the voltage 2.0 V.
Consequently, immobilization at different heights can be implemen-
ted utilizing the voltage conﬁguration.
Fig. 2(e) and (f) show that as the voltage of the measuring line
electrode is grounded, the electrical ﬁeld of the electrode center
(x¼0) is larger than that of the surrounding location. The particlewill be repelled from the center by nDEP. Therefore, a trapped
particle can be prevented from adhering to the center of the
structure using this voltage conﬁguration, which we called the
releasing mode.
5.2. Analysis of electric ﬁeld distribution of the adjustable trapping
mode
The electric ﬁeld distribution in the x direction is shown in
Fig. 3(a). When Ψ is 601, the trap position is at x¼−12.2 μm. With
Fig. 4. Images of single HeLa cells (a) trapped, (b) released, (c) recaptured. and (d) The impedance magnitude of single HeLa cells and medium.
C.-C. Wang et al. / Biosensors and Bioelectronics 49 (2013) 297–304302an increasing Ψ, the trap position shifts along the –x direction.
When Ψ is 180 degrees, the location of the trap position is at x¼
−74.6 μm. Therefore, the trap position can be adjusted by Ψ, so the
movement of the trapped particle is controllable.
This function can be divided into two types according to the
value of Ψ: when Ψ increases from 601 to 1801, the trap position
moves along the negative x direction; however, as Ψ increases
from 1801 to 3001, the trap position moves along the positive x
direction.
Fig. 3(b) is the results of the electric ﬁeld distribution in the y
direction, and shows that the electric ﬁeld distribution is sym-
metric in the x-axis. As y¼0, there exists the lowest electric ﬁeld
generating an nDEP force push toward the x-axis, hence, the
particles will be gathered toward the x-axis.
Fig. 3(c) shows the electric ﬁeld distribution along the
z direction. The minimum electric ﬁeld is determined on the
x-axis above which a distribution of electric ﬁelds is observed
along the z-axis. The maximum electric ﬁeld is located around the
height of 30 μm; therefore, a particle will be either captured or
repelled according to the location of the particle. A particle in a
position below the height of 30 μm will receive a downward force
from nDEP. Contrarily, above this height, the particle will receive
an upward force from nDEP.
5.3. Measurement results of positioning
The proposed structure is utilized to test the accuracy of
positioning. First, by the Arc-Microwell electrodes, the cell is
trapped at the center of the capture region, and the impedancemeasurement is taken. Then the trapped cell is moved away using
the release mode. Afterward, the cell is recaptured, allowing the
impedance of the cell to be measured again (Fig. 4(a), (b) and (c)).
The impedance of the medium is also measured. Fig. 4(d) shows
the results of the two measurements, where the variation between
the two measurements is less than 4%. Thus, precise positioning
can be achieved using this structure.
Based on Fig. 4, the location of a cell may result in a difference
of impedance. In Fig. 5, the experiment shows that the different
impedances are measured as the voltages of 1.9, 2.0, and 2.2 V,
respectively, are applied on the measuring line electrodes operat-
ing in the trapping mode. In reference to Fig. 4(d), the simulation
results mean that the trap position in the vertical direction for
capturing particles is shifted to a high position with an increasing
voltage.
As a voltage of 1.9 V is applied, the cell is captured (trapped) and
contacts the measurement electrodes. As a voltage of 2.0 V is applied
to the electrodes, the trapped cell is very close to the measuring
electrodes in height (particle suspended), there is a concern that the
impedance value is still affected by cell, despite cell not directly
contacting the measuring electrodes. As the voltage applied to the
electrodes rises from 2.2 V to 2.5 V, the results of the impedance
response are gradually dominated by the medium as the cell is
positioned far from the electrodes. This shows that the impedance
change resulting from the trapped cell contacting or not contacting
the electrode is signiﬁcant. As such, the position of the trapped cell at
different heights can be demonstrated via the results of the impe-
dance measurement. Consequently, this measurement result can be
further extrapolated for the three cases where the cell is contacting, is
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respectively, the in vertical direction.
5.4. Experimental results of the adjustable trapping region
Fig. 6(a) shows the voltage setup on each electrode in the
adjustable trapping mode. It is possible to position a particle at
various points by increasing the phase factor in the capture region.Fig. 6. (a) Voltage conﬁguration of the Arc-Microwell setup. (b–g) The single He
Fig. 5. Variation of impedance magnitude of single HeLa cells at trapping voltage of
1.9, 2.0 and 2.2 V.When Ψ is increasing, the trapping position is also close to the
edge of the capture region. Fig. S3 (a)–(f) presents a series of
various particle positions when Ψ is set on each feature value of
60, 90, 120, 150, 180 degrees, respectively. It shows good agree-
ment with the simulation results, and an adjustable trapping
position is thus realized.
In the same manner, this technique can be applied to cell
experiments, whereby the cell trapping position in the capture
region is successfully selected (Fig. 6(b)–(g)).6. Conclusions
This study presented an advanced trapping technique using
designed structure to generate an adjustable trapping position by
utilizing the VPC method and nDEP effect. The Arc-Microwell with
the advanced trapping technique is able to generate an adjustable
trapping position and successfully selects the particle and cell
trapping position in the capture region. For example, the particles/
cells can be immobilized at different heights with different voltage
conﬁgurations. With different voltages on the Arc-Microwell, the
trapped vertical position can be selected or adjusted ranging from
0 to 26.4 μm. In addition, the capture height range, which is
approximately 45 μm, is signiﬁcantly enhanced compared to the
traditional DEP method with only one input source. Single parti-
cle/cell manipulation can also achieve three capturing types by
applying this method.
In the Arc-Microwell structure, arc geometry is designed to
avoid a strong electric ﬁeld being generated from the peakingLa cell trapped position at operational voltage phase ranging from 60 to 1801.
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inter-electrode capacitance and improve the accuracy of the
electrical impedance results.
The experiments demonstrate that the single particles can be
precisely located on the proper site for impedance measurement.
An adjustable, dynamic trapping position is generated while
achieving particle manipulation which includes capture and
release. The measurement results show that the magnitude of
single HeLa cells impedance changes with the height of the single
HeLa cells position. The particles/cells manipulation has also been
shown to be feasible in this study.Acknowledgments
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